ABSTRACT. The immediate early (IE) gene of canine herpesvirus (CHV), homologue of the infected cell protein 4 (ICP4) gene of herpes simplex virus 1, is transcribed as a 4.9kb mRNA during IE phase. The IE gene was further transcribed as a 4.8kb mRNA through early (E) and late (L) phases of productive infection. Transcription of the 4.8kb mRNA initiated from downstream of the TATA box in an intron which was spliced out during IE phase. The reverse transcription-polymerase chain reaction revealed that the IE promoter was turned off during L phase at a permissive temperature. We, thus, propose to redesignate the IE gene of CHV as CICP4 gene. KEY WORDS: CHV, IE gene, transcription.
Canine herpesvirus (CHV), belonging to the subfamily Alphaherpesvirinae, causes a fatal hemorrhagic disease in neonatal pups and usually subclinical upper respiratory infection in adult dogs [1] . Latent infection occurs in surviving dogs and stress or administration of corticosteroid leads the virus to reactivate [18] . The genome of CHV is a double-stranded linear DNA molecule of approximately 128kbp, composed of the unique long and unique short regions [20] , and predicted to encode more than 75 proteins [15, 16, 20, 25] . Gene expression of alphaherpesvirus is divided into three phases; immediate early (IE), early (E), and late (L) during productive infection and is regulated in a cascade reaction [11] . Thus the IE gene product plays an important role in regulation of the gene expression. The IE gene of CHV is homologue of the infected cell protein 4 (ICP4) gene of herpes simplex virus 1 (HSV-1) [15] .
The ICP4 homologue genes are divided into two groups. One consists of those of HSV-1 and pseudorabies virus (PRV) which contain no intron [2, 26] , and the other consists of those of CHV, bovine herpesvirus 1 (BHV-1), equine herpesvirus 1 (EHV-1), and feline herpesvirus 1 (FHV-1) which contain introns at their 5' non-coding regions [10, 12, 15, 27] . The ICP4 is a critical transactivators for viral genes, while it downregulate its own transcription during E and L phases by interacting with "ATCGT" sequence located at the corresponding promoter regions [5, 21] . However, the ICP4 homologue genes of EHV-1 and FHV-1 are transcribed through IE, E, and L phases under the control of alternative promoters, despite the fact that "ATCGT" sequences are also found in their promoter regions [13, 23] .
In the present study, to provide information on propagation mechanism of CHV, we investigated whether the IE gene was transcribed during E and L phases and compared the transcriptional manner of the gene at different temperatures.
Strain GCH-1 of CHV was propagated in Madin-Darby canine kidney (MDCK) cells. The cells were grown in Eagle's minimal essential medium (MEM) supplemented with 5% calf serum, penicillin (100 U/ml), streptomycin (100 µg/ml), and nonessential amino acids. Viral DNA was purified and digested with HindIII as described by Remond et al. [20] . The d (7.0 kbp) HindIII fragment was further digested by HincII and XbaI, then subcloned into the plasmid pGEM-4Z. The plasmid was propagated in Escherichia coli strain JM109 and prepared according to the standard method [22] .
MDCK cells were infected with CHV at a multiplicity of infection of 5-10 TCID 50 per cell. After virus adsorption for 1 hr, the inoculum was replaced with MEM and the cells were incubated at 37°C. To analyze the transcription during E and L phases, the total RNA was extracted from the cells at 4 and 8 hr post-infection, respectively, using the RNA isolation kit (TaKaRa, Tokyo, Japan). Poly(A) + RNA was isolated from the total RNA using the mRNA separator kit (Clontech, Palo Alto, U.S.A.). The mRNAs were treated with 15 U of DNase I (RNase-free) (Boehringer-Mannheim, Mannheim, Germany) for 30 min at 37°C, and purified using phenol and chloroform.
Northern blot hybridization was performed as described [15] . Briefly, the mRNA fractionated by gel-electrophoresis was transferred to nylon membrane in 10 times of SSC (0.15 M NaCl plus 0.015 M sodium citrate). Hybridization was carried out at 68°C with digoxigenin (DIG)-labeled probe, which was transcribed as an antisense RNA to 5' terminus region of CHV IE gene, for 16 hr in hybridization solution [5 × SSC, 50% deionized formamide, 0.02% sodium dodecyl sulfate (SDS), 0.1% N-laurylsarcosine sodium salt, 2% blocking reagent (Boehringer Mannheim)]. The filters were soaked in 2 × SSC containing 0.1% SDS for 5 min twice, extensively washed in 0.1 × SSC and 0.1% SDS for 15 min at 68°C twice. Hybrids were detected with anti-DIG alkaline phosphatase-conjugate and subsequent chemiluminescence according to the manufacture's instruc-tion (Boehringer Mannheim).
To identify 5' terminus of the IE mRNA, the rapid amplification of cDNA ends (RACE) [7] was performed. The mRNAs were heated at 70°C for 10 min and quickly chilled on ice. The reverse transcription was carried out at 42°C for 50 min, in a 20 µl volume containing 50 ng mRNA, 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 ,10 mM dithiothreitol, 500 µM dNTP mixture, 200 U reverse transcriptase (Gibco BRL, Rockville, U.S.A.) and the 50 µM GCH-IE2 primer (5'-GATCTCACATCTATAGTTTG-GAG-3'). Homopolymeric tails consisting of dCTP were added to the 3'-ends of the cDNA products by terminal deoxynucleotide transferase (Gibco BRL). The first polymerase chain reaction (PCR) was performed in a 25 µl volume containing 0.25 µl of the dCTP-tailed cDNA, 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl 2 , 200 µM dNTP mixture, 1.25 U Taq DNA polymerase (Gibco BRL), 10 µM first anchor primer (5'-GGCCACGCGTCGAC-TAGTACGGGIIGGGIIGGGIIG-3'), and 10 µM GCH-IE-2N primer (5'-GTTGATTCATTAGGTAAAGCATT-3'). After denaturation at 93°C for 1 min, amplification was carried out for 30 cycles: (i) 45 sec of denaturation at 93°C, (ii) 30 sec of annealing at 55°C, and (iii) 1 min of extension at 71°C. The final cycle was terminated with a 3 min extension at 71°C. The nested-PCR was performed in a 25 µl volume containing 1 µl of the PCR products which diluted in distilled water to give 1/10 concentrations 10 µM second anchor primer (5'-GGCCACGCGTCGACTAGTAC-3'), 10 µM GCH-IE-PR primer (5'-CTCCGTCTATCACCAC-GATT-3') as above. cDNA prepared from mock-infected MDCK cells was used as a negative control.
Nucleotide sequencing was performed using the dye terminator cycle sequencing method (Perkin Elmer, CA, U.S.A.) and analyzed with a Model 373A ABI autosequencer. GCH-IE-PR primer was used as a reaction primer.
To characterize the CHV IE gene promoter in detail, CHV-infected MDCK cells were incubated at different temperatures. After 1 hr adsorption of the virus at 37°C, the cells were treated with HC buffer (0.1M sodium citrate, 0.1 M HCl, pH 2.5) for 2 min and incubated at 37°C or 40°C. The cells were collected at 1, 2, 4, and 8 hr post-infection. Poly(A) + RNA were extracted from those cells, and cDNAs were synthesized using random hexamers as primers (Gibco BRL). To analyze the feature of the IE gene transcripts, PCRs were carried out using different pairs of primers. The cDNAs were denatured at 94°C for 5 min and quickly chilled on ice. To detect any of the IE gene transcripts, PCR was performed in a 25 µl volume containing 1 µl of the c D NA s , 5 0 µ M G CH -IE1 p r im e r (5 ' -G A TA A T-TCAGCTCTAGCGATG-3') and 50 µM GCH-IE2 primer. After denaturation at 94°C for 1 min, amplification was carried out for 30 cycles: (i) 30 sec of denaturation at 94°C, (ii) 30 sec of annealing at 55°C, and (iii) 1 min of extension at 71°C. The final cycle was terminated with a 3 min extension at 71°C. This reaction was expected to amplify a 482 bp fragment. The specificity of the products was confirmed by digestion with XbaI to produce 322 bp, 97 bp and 63 bp fragments. To detect the IE gene transcript spliced at the 5' noncoding region, PCR was performed using GCH-IE-2P primer (5'-AAGCCTGGATAAAGAAGCTC-3') and GCH-IE-PR primer, between which the spliced region of the transcript lay (Fig. 1) . Then, denaturation at 93°C and annealing at 52°C were carried out, and a expected 449 bp fragment was detected. The specificity of the PCR products was confirmed by digestion with SpeI to produce 310 bp and 139 bp fragments.
The CHV IE gene is transcribed as a 4.9kb mRNA during IE phase (Fig. 2, lane 1) [15] . Repeated units upstream of the CHV IE gene contained the predicted octamer (Oct-1) motif "ACGCAAAT", the predicted alpha-transinducing factor (α-TIF) binding motif "AAATGGGAT" [19] , the antisense sequence of granulocyte macrophage colony stimulating factor (GM-CSF) promoter "CATTW", helix-loophelix binding (HLH) motif "CANNTG" [17] , and xenobiotic responsive element (XRE) "CACGCNA/T" [24] . These motifs may play roles for transcription of the 4.9 kb mRNA. In the present study, northern blot hybridization was carried out using mRNA extracted from virus-infected cells at 4 and 8 hr post-infection, when transcripts of the CICP0 and glycoprotein D genes were detected, respectively (data not shown), to address if the CHV IE gene was transcribed during E and L phases too. As shown in Fig. 2 , IE gene mRNA was detected as a 4.8 kb transcript during E phase, accompanied by the 4.9 kb mRNA (lane 2). The 4.8 kb mRNA was also found during L phase without the 4.9 kb transcript (lane 3). Nucleotide sequencing on 5' end of the transcript which extracted from the virus-infected cells incubated at 37°C for 8 hr, revealed that transcription of the 4.8kb mRNA was initiated at 60 nucleotides upstream of the translational initiation codon of the CHV IE open reading frame (ORF) (Fig. 3 ). In the upstream region of the transcriptional initiation site (Tci) of the 4.8 kb mRNA, two TATA boxes were found at nucleotide positions -192 and -86. It is, therefore, suggested that the RNA polymerase II is involved in the transcription of the gene during E and L phases. The Tci of the FHV-1 ICP4 gene transcribed during E and L phases is also located within 5' non-coding region, whereas that of the EHV-1 IE gene transcribed during E phase is located within its ORF [13, 23] . Thus, the product of the IE gene of EHV-1 during E phase is truncated and fails to transactivate its thymidine kinase gene promoter [23] . ICP4 of HSV-1 downregulates its own transcription with binding to the sequence containing "ATCGT" in its promoter region [21] . Since this sequence was also found in the CHV IE promoter region, the CHV IE promoter should be repressed by the IE protein during L phase and an alternative promoter would be activated to transcribe the 4.8 kb mRNA. The Tci of the 4.8 kb mRNA is located within 5' non-coding region. Therefore, the products of this mRNA should be translated the same as the CHV IE protein. ICP4
of HSV-1 also interacts with viral or cellar proteins [3, 28] . Although function of the CHV IE protein is little known, it may play roles in such interactions. To provide information on the transcriptional manner of the CHV IE gene, the virus-infected cells were incubated at 37°C or 40°C, the nonpermissive temperature [4] , and examined whether the spliced mRNA was transcribed in each phase by RT-PCR (Fig .4) . A 482 bp fragment was detected in each of the samples, indicating that the IE gene was transcribed during E and L phases at both temperatures. A 449 bp fragment was not amplified from the sample extracted from the cells incubated at 37°C for 8 hr, conforming that the spliced mRNA was not transcribed during L phase at the permissive temperature. On the other hand, when the cells were incubated at 40°C, the 449 bp fragment was detected up to 8 hr post infection. These findings indicate that the spliced IE mRNA was transcribed during not only IE and E phases but also L phase at 40°C. Since no transcript other than the 4.8 kb and 4.9 kb mRNAs was detected in Northern blot analysis, the IE gene promoter for the 4.9 kb mRNA may be active during L phase at 40°C. At 40°C, the structure of the CHV genome, of which GC contents are extremely low, may alter the property to interact with DNA binding proteins [6, 8, 9] . The CHV IE protein may fail to interact with "ATCGT" sequence laying on its own promoter. Thus transcriptional regulation of the IE gene may not work, resulting in disorder of the cascade reaction of viral gene expression. The results coincide with in vivo findings that newborn puppies survived from CHV infection at elevated temperature [4] .
In the present study, we demonstrated that the CHV IE gene was transcribed continuously through E and L phases under the control of alternative promoter. We, thus, propose that the IE gene could be redesignated as CHV ICP4 (CICP4) gene. We also indicated that the transcriptional manner of CICP4 gene was altered at high temperature. Further investigations of the transcriptional regulation of the CICP4 gene are required for better understanding of the mechanisms of replication, latency, and reactivation of CHV. 
